where Mm is a mixture of La, Pr, and Nd and x = 0.00, 0.05, 0.10, 0.15, and 0.20, prepared by induction melting method were studied. The Mo segregates out of the main phase to form a metallic secondary phase, leading to a larger reactive surface area. The unit cell of the main Nd 2 Ni 7 increases with an increase in Mo-content through changes in both phase composition and abundance. The addition of Mo reduces the abundance of the main Nd 2 Ni 7 phase, and consequently lowers both the gaseous phase storage and electrochemical discharge capacities. However, Mo also promotes the formation of a Nd 5 Co 19 phase, which contributes to a higher surface reactive area at both room temperature and −40°C. A 1.1 at% of Mo partially replacing Ni is recommended for improvement in low-temperature performance without sacrificing the discharge capacities and high-rate dischargeability owing to the improvement in the surface catalytic ability. In addition, the effects of Mo substitutions to the electrochemical properties of the superlattice alloy are also compared to those from other substitutions, such as Mn, Fe, and Co.
Introduction
Nickel/metal hydride (Ni/MH) batteries are widely used in portable consumer electronics, hybrid electric vehicle, and stationary applications [1] . While the conventional active material in the negative electrode of Ni/MH batteries is a rare-earth (RE) based AB 5 metal hydride (MH) alloy, the superlattice MH alloy has become increasingly attractive over the last decade due to its higher energy density, superior high-rate dischargeability (HRD), low self-discharge, improved low-temperature, and hightemperature performances compared to the AB 5 alloy [2−8] . The name of superlattice comes from its unique arrangement of alternative stacking of A 2 B 4 and different numbers of AB 5 slabs along the c-axis of the crystal [9] . For example, one A 2 B 4 plus one AB 5 leads to AB 3 stoichiometry, and one A 2 B 4 plus two AB 5 renders A 2 B 7 stoichiometry. Depending on the inplane orientation of adjacent A 2 B 4 slabs, both hexagonal (C14-like) and rhombohedral (C15-like) structures are available [2] . Typically, Mg, an alkaline earth element, is added to the A-site of the superlattice alloy to stabilize the hydride structure, adjust the metal-hydrogen bond strength, and reduce the corrosion nature of the alloy [10] . Research on the superlattice alloy started with ternary alloy (La, Mg)Ni 3 [11] , however, the first commercialized product was made of misch metal (Mm), a combination of La, Nd, and Pr, to extend the cycle life [2] . Ce was abandoned as it promotes the formation of undesirable AB 2 phase in the superlattice alloy [12] . Recently, Sm was also used to substitute the costly Nd and Pr [13] . For the B-site element in the misch-Citation: Kwo-Hsiung Young, Xinting Lin, Chuanpeng Jiang and Shigekasu Yasuoka (2018) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . doi: https://doi.org/10.24218/msear.2018. 25. metal (Mm, mixtures of a few REs) based superlattice alloys, we have conducted a few substitution works, such as Al [14] , Mn [15, 16] , Fe [17, 18] , and Co [19−21] , and reached the following conclusions: Al improves the hydrogen-storage (H-storage) kinetics and enhances the cycle stability; a small amount of Mn (2.3 at%) improves the HRD and charge retention performance; Fe promotes the formation of the desirable Nd 2 Ni 7 phase; and Co provides improved low-temperature performance.
For start-stop vehicle applications [22] , the low-temperature crank power plays a significant role and has led to a great amount of research on enhancement of crank power for MH alloy at low temperature over the past decade [23, 24] . The easiest way to increase the HRD performance in the Ni/MH battery is by elemental substitution [25] . Mo, a second-row transition metal, has been demonstrated to improve the low-temperature performance of AB 5 [26] and AB 2 [27] . The partial substitution of Mo for a La-only superlattice alloy also exhibited excellent lowtemperature performance [28] and improved discharge kinetics [29] . The addition of Mo increased the discharge capacity of a pure body-centered-cubic MH alloy from 61 to 247 mAh g −1 [30] . Besides, Mo was found to enhance the hydrogen diffusion rate in the bulk of an AB 2 MH alloy [31] .Therefore, Mo was selected as the substitution element for the study on misch-metal based superlattice alloy, and the results are presented in this paper. Some of the physical properties of Mo are compared with those of Al, Mn, Fe, Co, and Ni in Table 1 .
Methods
MH powder (20 kg per composition) was prepared by Japan Metals & Chemicals Company (Tokyo, Japan) using the induction melting method; the reason for preparing a larger batch compared to standard procedure was to ensure the uniformity of the ingot considering the relatively high melting point of Mo (Table 1 ). The chemical composition of the MH powder was examined with a Varian Liberty 100 inductively coupled plasmaoptical emission spectrometer (ICP-OES, Agilent Technologies, Santa Clara, CA, USA). Microstructure of MH powder was characterized using a Philips X'Pert Pro X-ray diffractometer (XRD, Amsterdam, The Netherlands) and a JEOL-JSM6320F scanning electron microscope (SEM, Tokyo, Japan) including energy dispersive spectroscopy (EDS). Gaseous phase H-storage was measured at 30, 45, and 60°C after activation using a SuzukiShokan multi-channel pressure-concentration-temperature system (PCT, Tokyo, Japan). A half-cell apparatus consists of a negative electrode, prepared by compact MH powder on top of a nickel substrate sheet using a roll mill without using a binder, a pre-activated sintered Ni(OH) 2 counter electrode, and 30% KOH aqueous solution as the electrolyte. The half-cell experiment was performed using a CTE MCL2 Mini cell testing system (Chen Tech Electric MFG. Co., Ltd., New Taipei, Taiwan). A Solartron 1250 Frequency Response Analyzer (Solartron Analytical, Leicester, UK) was used for AC impedance measurements, with a sine wave amplitude of 10 mV and a frequency range of 0.5 mHz to 10 kHz. The magnetic susceptibility of the activated alloys was measured using a Digital Measurement Systems Model 880 vibrating sample magnetometer (MicroSense, Lowell, MA, USA) after immersing the MH powder in 30 wt% KOH solution at 100°C for 4 h. [15, 17, 19] . The base alloy (Mo1) was selected due to its superior low-temperature performance [20] . The composition of each alloy product was characterized using ICP and compared to the design value-see Table 2 . There were small deviations in the Mo content due to the extremely high melting point of Mo (at least 1000°C higher than other elements in the alloy) and negligible solubility of Mo in the superlattice phase. The measured B/A ratio excluding Mo is about 3.3 to 3.4, and a mixture of AB 3 and A 2 B 7 phases is expected.
Results and Discussion

Alloy selection and preparation
Phase composition
The X-ray diffraction patterns of constituent phases of these five alloys are plotted in Figure 1 , where all patterns show multiple phases. The phase abundances calculated by the Notes: All numbers are in at%. B/A is the ratio of B-atom (Ni, Al, and Co) and A-atom (Mm and Mg) as Mo does not enter into the main superlattice phases Figure 1 : XRD patterns using Cu-K  as the radiation source 
Microstructure analysis
The microstructure of the alloys was characterized using SEM back-scattered mode and are presented in Figures 5 and 6 for Mo-free Mo1 and Mo-containing Mo3, respectively. The chemical compositions of marked spots with different contrasts were examined by EDS, and the results are summarized in Table  5 . While the AB 2 phase (Mo1-2 and Mo3-3) are represented by a darker region, the main superlattice phases (AB 3 , A 2 B 7 , and A 5 B 19 ) are indistinguishable in Figure 5 (Mo1-1). Two main phases with slight difference in contrast can be seen in Figure 6 (Mo3-1 and Mo3-2). Segregated Mo phases with a bright contrast can be easily identified in alloy Mo-3 (Mo3-4). EDS results indicate that the solubility of Mo in the superlattice phases and LaMgNi 4 phase are negligible. The solubility of Mo is 3-5 at% in C14 phase and 0.2 at% in LaNi 5 phase as reported previously [26, 27] . It is thus suspected that the segregation of Mo in the superlattice phases is due to the immiscible nature between La and Mo [32] . Instead of varying the lattice constants of the main phase directly by replacing the atoms in superlattice phase like Mn, Fe, and Co, Mo modifies them by reduction of Ni (smaller radius) and increase in the Al-content (larger radius). While the reduction of Ni-content with the increase in Mo-content is from the design (Table 2) , the increase in the Al-content in the main phase with the increase in Mo-content is due to reduction in the abundance of LaMgNi 4 phase with a very small solubility of Al. 
Gaseous phase characteristics
The gaseous phase H-storage characteristics of the five alloys were investigated by PCT analysis. PCT isotherms measured at 30 and 45°C are plotted in Figures 7−10, and the properties obtained are summarized in Table 6 . Both the maximum and reversible capacities measured at both 30 and 45°C decreased as Mo content increased. Even with the enlarged unit cell volume in the main Nd 2 Ni 7 phase, the capacities still decreased due to the decrease in the Nd 2 Ni 7 phase abundance with the increase in Mo content. The effects of substitution elements on the H-storage capacities are illustrated in Figures 11 and 12 . Mn, Fe, Co and Mo substitutions impaired the maximum H-storage capacity, and Mo substitution has the most negative effect due to the reduction in Nd 2 Ni 7 phase abundance ( Figure 2 ). For reversible H-storage capacity,Co and Fe substitution does not make a difference, and Mn and Mo substitution has a negative effect on it.
The PCT plateau pressure, defined as the hydrogen equilibrium pressure in the desorption isotherm corresponding to a 0.75 wt% H-storage capacity, first decreased and then increased with increase in Mo-content at both 30 and 45°C caused by changes in the chemical composition and abundance of the constituent phases. A specific H-storage as the plateau pressure is chosen, because the plateau features in alloys Mo4 and Mo5 are not distinctive. Compared to other substitutional elements, Mo has a relatively large influence in the PCT plateau pressure-see Figure  13 .
The slope factor, defined as the ratio of the storage capacity measured in the desorption isotherm between 0.005 and 0.2 MPa to the reversible capacity, is an indicator for the uniformity of the chemical composition [33] . The Mo-substituted alloys (Mo2−Mo5) have slope factors smaller than that in the Mofree Mo1, which implies a less uniform composition and is in accordance with the decrease in the abundance of Nd 2 Ni 7 main phase ( Table 3 ).
The PCT hysteresis is defined as ln (P A /P D ), where P A and P D are the plateau pressures at 0.75 wt% storage amount from absorption and desorption isotherms, respectively. It is an indicator of the elastic energy required to deform the lattice boundary between the metal (α) phase and the hydride (β) phase, and has been correlated to the pulverization rate of the alloy particle during absorption-desorption cycling [34] . An alloy with a smaller PCT hysteresis decrepitates slower. In this study, both 30 and 45°C PCT hystereses decrease and then increase with an increase in Mo content, which suggests that a small amount of Mo partially replaced by Ni in the superlattice alloy may improve the cycle stability by preventing severe pulverization. Effects of substitution on PCT hysteresis are plotted in Figure 14 and Mn and Co have greater impacts on PCT hysteresis compared to Mo and Fe.
Changes in enthalpy (ΔH) and entropy (ΔS) were calculated based on Van't Hoff equation-see Eqn.
(1) using the desorption pressures (P) at 0.75 wt% H-storage measured at different temperatures:
where T and R are the absolute temperature and ideal gas constant, respectively. Both values are listed in the last two rows of Table 6 . Apparently, the metal-hydrogen bonds in the Mo- (Table  3) , expansion of the unit cell volume of Nd 2 Ni 7 phase (Figure 3) , and re-distribution in the chemical composition of superlattice phases. Partial substitution of Mo for Ni reduces ΔS to be closer to the ideal value (ΔS of free hydrogen gas, −135 J mol H 2 −1 K −1 [35] ). The hydrides of the Mo-containing alloys are more ordered than that of the Mo-free alloy.
Electrochemical measurement
Capacity and HRD: In the room temperature (RT) half-cell testing, the electrode was charged with a 100 mA g −1 current for 4 h and then discharged with the same current until a cutoff voltage of 0.9 V was reached. Two consecutive pulls at 50 and 8 mA g −1 were conducted after a 5 min. rest. The sum of three discharge capacities was used as the full discharge capacity. The full discharge capacities from the first 13 cycles are plotted in Figure 15 . All alloys show excellent activation behavior and reach the maximum capacity in the first or second cycle. The highest maximum capacities of all alloys in this study are listed in the first row of Table 7 , which show a decreasing trend with an increase in Mo content, consistent with the trend in gaseous phase H-storage capacities (Figure 11 ). Effects of various substitutions on the full discharge capacity are illustrated in Figure 16 . The capacity is improved only when the substitution amount of Co is above 2.3, but deteriorated in all the others cases.
HRD, defined as the ratio of capacity obtained at 100 mA g −1 and the full discharge capacity, is a measurement of the initial The HRD of all the alloys stabilize in about 4 cycles (see Figure  17) , and are compared at the 3 rd cycle in the second row in Table  7 . A small amount of Mo-substitution at the expense of Ni does not sacrifice HRD; however, larger amounts (Mo4 and Mo5) have a negative impact on HRD. As seen from the plot in Figure  18 , only 2.2% Fe and 7 % Co substitution improves HRD to some degree while the other substitutions deteriorate it.
Diffusion constant and surface exchange current:
The contributions from bulk hydrogen transport and surface electrochemical reaction to the HRD were studied by measuring hydrogen diffusion constant (D) and surface reaction current (I o ), and the results are summarized in the third and fourth rows in Table 7 . Details of the testing methods are available from our earlier work [19, 36] . The D values in the Mo-containing alloys are higher than that in the Mo-free Mo1 alloy. The increase in D of the Mo-contacting alloys is not attributed to the segregated Mo phase, because thehydrogenation for Mo is endothermic (Table  1) . It may originate from the decrease in the abundance of the main Nd 2 Ni 7 phase, and consequently a higher level of synergetic effects from other phases. The effects of various substitutions to D are plotted in Figure 19 . Only 2.3 and 7.0% Co substitution increases the D value out of four elemental substitutions.
The I o values of all alloys are similar and the addition of Mo unexpectedly does not change the kinetics of the surface reaction, since a higher surface area would be expected because Mo oxide has an extremely high solubility in alkaline solution [37] . The stability of Mo oxide in alkaline solution can compared by the relatively large equilibrium constants of the leached out product from Mo [38] : AC impedance: AC impedance were measured at both RT and −40°C and both the charge-transfer resistance (R) and doublelayer capacitance (C) obtained from the Cole-Cole plots are listed in Table 7 . There are two main determining factors for R value: one is the surface reactive area, which is proportional to C, and the other is the surface catalytic ability, which can be quantified by RC product (also listed in Table 7 .). The trends of R and C vs. Mo content measured at RT are very similar to those measured at −40°C. Only alloy Mo2 shows lower R values from both increased surface area (larger C) and improved surface catalytic ability (lower RC). Even though the lower R in Mo2 may be attributed to the synergetic effect with the secondary phases [39] , the initial increase in the reactive surface area in Mo2 might come from the sudden increase in the abundance of Nd 5 Co 19 phase, which was previously correlated to the higher reactive surface area [13] . Further increase in Mo at the expense of highly catalytic Ni [25] and decrease in the Nd 2 Ni 7 phase abundance increased the R. 
Magnetic susceptibility measurement
Since the difference of saturated magnetic susceptibility (M S ) between MH alloy and metallic Ni is as high as 7 orders of magnitude [40] , M S has been used to quantify the total volume of metallic Ni inclusions imbedded in the surface oxide after activation [41, 42] . These nano-scale Ni particle catalysts are crucial for the surface electrochemical reaction. From the magnetization curve, the applied magnetic field corresponding to half of M S (H 1/2 ) can be associated with the magnetic domain size (Ni cluster size) [41] . Both values are reported in the last two rows in Table 7 . Alloy Mo2 shows the highest amount of catalytic Ni, and is consistent with the lowest RC product measured from the AC impedance. This improvement is the synergic effects of the new surface generated from the Mo phase and an increased abundance of the beneficial Nd 5 Co 19 phase. The effects of substitutions on the amount of catalytic Ni (M S ) are compared in Figure 27 , indicating that only a small amount of Mo (1.1 at%) can increase the M S out of four elements at different substitution levels. The size of Ni clusters changing withvarious amount of substitutions are plotted in Figure 28 . Even though Mn substitution reduces the size of metallic Ni on the surface (larger H 1/2 ), Fe substitution increases (smaller H 1/2 ) it. A smaller size of metallic Ni on the surface is preferable, as it leads to a larger surface area of the catalytic Ni cluster. 
